A thermodynamic analysis in the equilibrium state is presented to investigate the morphology evolution of silver and palladium epilayers deposited on gold nanorods (GNRs). With regard to Ag epilayers on GNRs, the misfit strain has a notably small value of 0.002 44 and the stored strain energy is three orders of magnitude lower than the energy contribution from the surface and interface. Consequently, Ag epilayers are preferred on the {111} facets on the two ends of the GNRs due to surface and interface energy minimization, and the growth of dumbbell-shaped structures is thus promoted. The reverse is the case for Pd epilayers on GNRs. The larger misfit strain of 0.048 83 increases the strain energy to the same magnitude as surface and interfacial energies. Long-time growth of Pd epilayers is favored along the {100} surfaces of the GNRs for strain energy minimization, and rectangular core-shell nanorods emerge. The theoretical analysis is consistent with relevant experimental results.
Introduction
Different from bulk materials, the optical, electronic, magnetic, and mechanical properties of nanometer-scale materials can be tuned by controlling their feature size, shape, and so on [1, 2] . Consequently, nanomaterials have potential use in electronics [1] , optoelectronics [3] , optical sensors [4] , catalysis [5, 6] , photonics [7] , information storage [8, 9] , biological labeling [10, 11] , and surface-enhanced Raman scattering (SERS) [12] [13] [14] , and have received much attention from chemists, physicists, and materials scientists. Metal nanoparticles incorporating noble and transition elements like Ag, Au, Co, Pt, and Pd are of interest due to the wider tunable range and multi-functional performance. Composite nanoparticles can usually be classified into two groups: metallic alloys and core-shell structures. The focus of this work is the latter. As the shape and size determine the properties of nanoparticles, proper control of these geometrical parameters is of paramount importance 3 Author to whom any correspondence should be addressed.
to expand their applications. Huang et al deposited silver epilayers on the surfaces of gold nanorods (GNRs) under alkaline conditions (pH = 8.0-10.0) by reduction of ascorbate ions [15] . Using x-ray spectrometry, inductively coupled plasma mass spectrometry, and transmission electron microscopy (TEM), the dumbbell-shaped Ag-Au core-shell structures were demonstrated, as schematically shown in figure 1(b) . The experiments conducted by Xiang et al suggested another case [16] . They mixed GNR solutions with 2 ml of 0.1 M cetyltrimethylammomium bromide (CTAB) aqueous solution containing 20 μl of 0.1 M ascorbic acid (AA) to produce Pd-Au core-shell nanorods. Their SEM (scanning electron microscopy) and high-resolution TEM observation showed that they were rectangular in shape with {100} side surfaces, as schematically shown in figure 1(c) .
It is well known that Au, Ag, and Pd are transition metals with the common face centered cubic (fcc) lattice. However, it is still not clearly understood why Ag epilayers are preferentially deposited on the two ends of the GNRs forming a dumbbell shape whereas Pd epilayers preferentially grow along the side surfaces yielding rectangular nanorods. Here, we investigate this issue from the viewpoint of thermodynamics. According to experimental observations [17] , most GNRs are [100] oriented with the {100} and {110} side surfaces, and their two ends are surrounded mainly by {111} facets, as schematically shown in figure 1(a). Xiang et al stressed that the bimetal system had epitaxial relationship between the core and shell regions [16] . Hence, a core-shell nanorod may be divided into many micro-zones with distinct orientations, and each zone can be simplified as a bi-layer epitaxial structure with a certain epilayer thickness. By studying the energy variation of these epilayers with different thicknesses, we can analyze the thermodynamic properties of the core-shell nanorods and thus predict their morphology evolution. The bi-layer model has a homogeneous epilayer thickness while Ag/Pd covered GNRs do not. In the case of the bi-layer epitaxial structure, the energy includes three parts: surface energy, interfacial energy, and misfit strain energy. In our theoretical study, the surface energy and interfacial energy are calculated using an atomic-scale multi-body potential, embedded atom method (EAM) [18, 19] . The strain energy is calculated directly using the elastic theory. Combining the results, the stability of the bimetal system and consequently the characteristic morphology of core-shell metal nanorods can be evaluated.
Computational method

Surface and interfacial energies
The EAM is implemented in our compiled MATLAB program to calculate the surface and interfacial energies. This method is based on the density functional theory (DFT) developed in the early 1980s and has been used to study not only the structures and properties of traditional bulk materials [18, 19] but also those of low-dimensional ones [20, 21] . In the EAM, the total energy of a system is approximated as
where
] is the energy contribution of the i th atom,ρ i is the background electron density at site i due to all other atoms, f (r i j ) is the electron density at atom i due to atom j , φ(R i j ) is the pair interaction between atoms i and j separated by a distance R i j , and F(ρ i ) is the energy to embed atom i in an electron densityρ i . Specific forms are proposed for these three functions: F(ρ i ), f (r i j ), and φ(R i j ). We take the analytic form proposed by Johnson as follows [22] :
where x = (ρ/ρ e ) α/β and y = (ρ/ρ e ) γ /β . The relevant model parameters, f e , φ e , α, β and γ , are fitted from atomic volume , cohesive energy E c , unrelaxed vacancy-formation energy E UF , bulk modulus B, Voigt-average shear modulus G, and atomic electron density evaluated at the nearest neighbor distance according to quantum calculation. They are listed in table 1. As the electron density at any site is taken as a linear superposition of the atomic electron densities and the embedded atom cannot sense where the electron density comes from, the forms of f (r ) and F(ρ) are still valid in the case of alloys. However, the pair potential φ(r ) should be replaced by an effective one because it may be related to two heterogeneous atoms. Here, it is taken as
The surface energy E surf is the reversible work per unit area needed to create a new surface and to produce a large number of dangling bonds [23] . It is calculated in a surface unit cell of a semi-infinite crystal by EAM as follows:
where A cell denotes the surface area of the unit cell, and E 0 is the energy per atom in the perfect bulk crystal and is equal to the negative of the cohesive energy E c . The summation is carried out on all atoms in this region, usually covering several atomic layers in the near surface.
To model the interfacial structures, two semi-infinite crystals with the same surface orientation are cut out from their perfect bulk ones and put together face-to-face with an appropriate separation which is adjusted to minimize the interfacial energy. Moreover, we need to choose a suitable interface unit cell so that the whole interface can be described by an array of identical unit cells, and thus periodic boundary conditions can be employed to reduce the number of atoms required to represent the structure of the interface. This is accomplished by introducing the coincidence site lattice (CSL) [24, 25] . Since the bimetal system has an epitaxial relationship, only the CSL with a misorientation angle of zero is involved. In this case, the coincidence condition can be satisfied if m/n = a epilayer /a Au , where a epilayer and a Au are respectively the lattice constants of the epitaxial layer and Au substrate, and n and m denote the number of lattices in the axial direction of a unit interface cell. After the atomic configurations are set up for various interfaces, their energies are calculated by EAM. This is similar to surface energy calculation using equation (7), except that the pair potential, electron density, and system energy should include the contributions from heterogeneous atoms near the interfaces.
Strain energy
The epitaxial layer usually has a different lattice constant from that of the substrate. Consequently, they will stretch or contract to match each other. Assuming that the substrate is completely rigid and no dislocation is produced near the interface, a biaxial misfit strain, ε = (aepilayer−aAu) aepilayer , is induced and a certain degree of stress is stored in the epilayer. In the elastic range, the relationship between them can be generally described by Hooke's law. Provided that the compliance S of the materials is known, we can always convert it into stiffness C, or vice versa. These constants have distinct values in different Cartesian coordinates, but obey the transformation law for a fourth-rank tensor [26] :
where the direction cosines a rt relate the arbitrary direction x r to the symmetry axes x r . For materials with a cubic symmetry, these components are readily obtained from their matrix notation counterparts according to the relationship between a rt . Three of these components given as follows are applied to the calculation of the strain energy density [26] : 
For an (hkl) oriented epilayer, the transformation matrix a rt is
The strain energy density stored in the epilayer is given by [27] 
Inserting the Miller's indices of the (hkl) planes into equation (13) and substituting the calculated direction cosines a rt and compliance constants from those in [28] into equations (10)- (12), the values of S 11 , S 12 and S 22 can be calculated and consequently the strain energy density can be obtained by equation (14) .
Results and discussion
Since GNRs are surrounded mainly by low-index {100}, {110}, and {111} surfaces or facets, our investigation is conducted only on these three crystalline planes. The calculated surface energy and interfacial energy are plotted against the separation distances in figures 2 and 3 for the Ag-Au and Pd-Au combinations, respectively. The result on surface energy is quite simple. For a given material and orientation, the surface energy takes on a constant value which is denoted by a horizontal bar in the figures. The lowest surface energy corresponds to the {111} orientation, followed in turn by the {100} and {110} planes. This is universally accepted for fcc metals [29, 30] . On the other hand, the interfacial energy is related to the magnitude of the interfacial separation. However, there is always a particular separation distance at which the interfacial energy is minimized for each epitaxial direction. These interfacial separations that are labeled by black solid-filled triangles near each curve have values of 2.3425Å (Ag-Au {100}), 2.3443Å (Ag-Au {110}), 2.4585Å (Ag-Au {111}), 2.3925Å (Pd-Au {100}), 2.3081Å (Pd-Au {100}), and 2.4007Å (Pd-Au {100}). They are larger than the corresponding interplanar distances of each individual crystal. In accordance with energy minimization, the interfacial energies at these particular separations are taken as the exact values of the interfacial energies, which together with surface energies are summarized in table 2. Obviously, the interfacial energy also increases in the orientation order of {111} < {100} < {110}, and is slightly higher than the corresponding surface energy. From the viewpoint of surface energy and interfacial energy, {111} epilayers are preferred for both the Ag-Au and Pd-Au combinations. Based on equations (10)- (14), we obtain the strain energies of the epilayers with a supposed biaxial strain ε through complicated matrix operation. The results are listed in table 2. Utilizing the lattice constants of these three metals, a Au = 4.08Å, a Ag = 4.09Å, and a Pd = 3.89Å, the misfit strains of 0.002 44 and 0.048 83 are obtained for the Ag and Pd epilayers, respectively. In addition, the misfit strain is assumed to be distributed homogeneously throughout the entire thickness and so we obtain the strain energy stored in the epilayers to be about 4.51 × 10 5 , 9.09 × 10 5 , and 10.23 × 10 5 J m −3 for Ag (100), (110), and (111) and 3.12×10 8 , 6.12× 10 8 , and 6.91 × 10 8 J m −3 for Pd (100), (110), and (111). It is easy to find that the {100} orientation corresponds to the lowest strain energy whereas that of the {111} epilayer becomes the highest. With regard to the minimization of strain energy only, {100} epilayers are preferentially favored to grow on the Au substrate. Due to the larger misfit strain, the strain energies of Pd epilayers are about three orders of magnitude higher than those of Ag epilayers. Thus, strain energy anisotropy may affect more significantly the morphology of Pd-Au core-shell nanorods than the Ag-Au combination.
Considering both aspects, a competition should emerge between the strain energy and surface energy as well as the interfacial energy to determine the preferred epitaxial direction. This is similar to the texture evolution due to abnormal grain growth in polycrystalline thin films [31] [32] [33] . Supposing that an (hkl) oriented epilayer with thickness t is grown on an (hkl) oriented Au substrate, the average structural energy per volume can be expressed as
interf , and E
(hkl)
strain represent the surface energy, interfacial energy, and strain energy. The results obtained from the Ag-Au and Pd-Au combinations are shown in figures 4 and 5, respectively, in which the horizontal axis is logarithmic in order to reveal the subtle differences between the curves. On the whole, the average structural energy decreases with increasing epilayer thickness and finally reaches a constant value that has the magnitude of the strain energy. As equation (15) suggests, this is caused by the fact that the energy contribution from the surface and interface is inversely proportional to the epilayer thickness t. Considering the AgAu combination, their lattice constants are close to each other (4.09 and 4.08Å). Only a small compression is required for the Ag epilayer to match the lattice of the Au substrate and its strain energy is comparatively negligible, especially for thinner epilayers. Taking the {111} epilayer, which has the largest strain energy of 10.23 × 10 5 J m −3 , as an example, the energy contribution from the surface and interface can reach 1.0×10 8 J m −3 or so. Hence, the surface energy and interfacial energy should dominate the average energy anisotropy. It is reasonable that the {111} orientation always corresponds to the lowest energy regardless of the thickness of the Ag epilayers on the Au substrates. Because the end surfaces of the GNRs are surrounded mainly by the {111} facets and their side surfaces are {100} and {110} orientated, the Ag epilayers will grow preferentially at the two ends of the GNRs. The choice of these growth sites leads to the formation of the dumbbell-shaped core-shell structure depicted in figure 1(b) and observed by Huang experimentally [15] . However, in the case of the PdAu combination, things are more complicated. A larger misfit strain of 0.048 83 certainly will store huge strain energy in the Pd epilayers. Even the lowest strain energy orientation, {100}, has the value of 3.12 × 10 8 J m −3 , which has the same magnitude as the energy contribution from the surface and interface. It is not difficult to find from figure 5 that the average energy curve of the {111} epilayer crosses that of the {100} epilayer at about t = 1.88 nm. Specifically, at t < 1.88 nm, the energy contribution from the surface and interface dominates and the {111} orientation still corresponds to the lowest energy. Therefore, the Pd epilayer tends to nucleate at the ends of the GNRs and to smooth the facets. As the thickness of the epilayer increases, strain energy anisotropy becomes dominant, and {100} changes into the lowest-energy orientation. Fast growth takes place mainly along the {100} side surfaces and gradually on the whole nanorod. As a result, rectangular core-shell nanorods are formed as schematically depicted in figure 1(c) and verified in Xiang's experiments [16] . In fact, when the average epilayer thickness is close to the critical value (1.88 nm), the thermodynamic stability of Pd covered GNRs certainly will be sensitive to the thickness distribution, and our bi-layer model may deviate slightly from the real coreshell system. However, it hardly affects the final equilibrium structures, which usually have considerably thicker epilayers. So far, our results demonstrate that a general thermodynamic model can be used successfully to interpret the morphology evolution of core-shell bimetal nanorods and it can be readily extended to other structures and combinations. It should of course be noted that if the thermodynamic conditions are altered due to other factors, such as higher deposition temperature, impurity introduction, interface alloying, etc, the morphology of the nanorods ought to change accordingly, and more work is being conducted in our research group for verification.
Conclusions
We propose a thermodynamic model to understand the morphology evolution of core-shell nanorods. Taking Ag and Pd epilayers on Au substrates as examples, the surface energy, interfacial energy, and strain energy are calculated quantitatively. The results show that the {111} epilayers have the lowest surface energy and interfacial energy whereas the {100} orientation corresponds to the lowest strain energy. In order to minimize the energy, specific epitaxial sites and directions are preferred. In the Ag-Au combination, the strain energy is negligibly small and the surface energy and interfacial energy dominate in the epilayer orientation. The Ag epilayers are preferentially deposited at the two ends of the GNRs which are surrounded by {111} facets, giving rise to dumbbell-shaped core-shell bimetal nanorods. In the PdAu system, a huge amount of strain energy is stored and it is comparable to the energy contribution from the surface and interface. Consequently, more dramatic competition appears. When the epilayer thickness is smaller than 1.88 nm, {111} is still the favored orientation, and so the Pd epilayers grow on the two ends of the GNRs and smooth the facets. As the thickness increases, {100} changes into the lowest-energy orientation and the Pd epilayers grow rapidly on the {100} side surfaces and rectangular nanorods eventually form. The outcome of our computation is consistent with the relevant experimental results and the proposed model is expected to expedite the understanding and structural optimization of nanomaterials.
